A procedure to estimate the extent of K recirculation in plants is proposed. This is based on the ratio of the upward fluxes of K to Ca in the xylem sap from root to shoot with the ratio of K to Ca accumulation in plant tops.
In a preliminary investigation the factors influencing the K to Ca ratio in the xylem sap were considered. Tomato plants were grown at three levels of K nutrition and harvested at different times during the 24-hour day period. It was shown that the K to Ca ratio in xylem sap changed dramatically depending on the time of sap colection after decapitation, the values falling from over 2 to less than unity over the 4-hour period of colection. Diurnal effects on exudation were less marked but also of significance. The level of K nutrition was oflittie importance. It is suggested that a representative xylem sap from tomato plants can best be obtained from samples taken between 15 and 60 minutes after decapitation.
In a second experiment K recirculation was estimated. At nine harvesting stages over a 24-hour period the K to Ca ratio in the xylem sap was invariably higher than the K to Ca ratio of accumulation in the tops over the same period. From this information it was calculated that about 20% of the upward flux of K in the xylem stream resulted from recirculated K.
There is current interest in the possible occurrence of K recirculation in plants, followng the work of Dijkshoom (7) and Ben Zioni et al. (2) . The scheme these authors have proposed is as follows: K+ and N03 as the major ions taken up by the root are translocated to the shoot in the xylem. The reduction of N03-in the upper plant parts induces OH-production NO3-+ 8H+ + 8e -* NH3 + 2H20 + OHwhich in tum stimulates malate synthesis and accumulation from P-enolpyruvate (12, 20) . Some of the K+ is then redirected via the phloem to the roots in association with malate ions. In the roots malate is decarboxylated to pyruvate and a negative charge is excreted from the plant as HCO3 in exchange for the uptake of a further N03-ion. This is consistent with the general observation that intact plants supplied with N03N almost always take up an excess of anions over cations (6, 14, 15) . The cycle described above is then repeated. In this way the recirculation of K+ is postulated to facilitate the uptake and distribution of N03 (2) . Experimental evidence of this has been obtained recently by Frost et al. (9) in wheat seedlings.
One means of investigating this recirculation hypothesis is to utilize the well documented difference of behavior of the mobility of K and Ca. K is known to be highly mobile in plants, and is present in both xylem and phloem (10, 21, 23) . In contrast, although the level of Ca in the xylem can be high, only very small amounts are found in phloem sap (3, 5, 10) . Once Ca is translocated to the tops via the xylem pathway it is not redirected. Indeed, Ca is known to be the most immobile macronutrient (1 1). A comparison of the K/Ca ratio of accumulation in plant tops with that in the xylem sap should thus provide a means of estimating the extent to which K is recirculated within the plant. If for a given time period there is evidence of a lower K/Ca ratio of accumulation in the tops than in the upward flux, this is indicative of K recirculation in the plant. In other words if K is recirculating, the upward flux of K comprises two components: one directly from absorption from the nutrient medium, and the other from recirculation of K translocated from the tops via the roots. Using this concept we have estimated the extent of K recirculation in tomato plants.
The difficulty in dealing experimentally with the above approach lies in the determination of xylem sap which is representative of the intact plant over a given time period. One accepted method of obtaining xylem sap is by plant decapitation. Sap composition and rate of exudation are dependent on a number of factors including ionic composition of the nutrient medium (18, 24) , diurnal effects (22, 25) , and the time at which the sample is taken after decapitation (18) , as well as other environmental conditions.
A preliminary investigation was carried out to study the main factors influencing the K and Ca contents in the sap. These included the level of K supply, the time of sap collection during the 24-h day period, and the change in sap composition in relation to time after decapitation. Information obtained from this experiment was then used in a subsequent investigation to calculate the extent of K recirculation in tomato plants as outlined above.
BASIC THEORY FOR RECIRCULATION CALCULATION
The uptake of a nutrient by a plant over a short period of growth may be represented by the straight line equation:
hn y = at + b (1) where y = nutrient uptake at time t; a = slope of the line; t = time; b = intercept. From this equation it follows that:
1 dy y dt and thus: the rate of uptake dY = ae(at +b) ' To whom requests for reprints should be addressed. (2) By substituting values for Ca or K into this equation, their uptake 1143 rates, (d(Ca))/dt and (d(K))/dt, may be obtained. For an element which moves unidirectionally upward (i.e. Ca), the upward flux F is equivalent to the rate of uptake from the nutrient medium. Thus:
For an element which can be recirculated (i.e. K), the upward flux comprises two components: the rate of uptake from the nutrient medium together with the rate at which the nutrient is recirculated:
where R(K) is the recirculated fraction of the upward flux (F(K) From equation 3 it follows that:
[Ca] dt
The recirculated K component can be obtained by substitution of this expression of F(K) into equation 4 :
[ Xylem sap samples were obtained by decapitating the plants at about 1 cm above the root system. This position was chosen so as to be as near the root system as possible. The stump was fitted with a short length of suitable polyvinylchloride tubing to collect exudate, which was removed by means of a syringe. Evaporation of sap between collections was prevented by covering the top of the tubing with Parafilm. A small number of plants which did not exude were discarded. K and Ca in the sap were estimated by flame emission and atomic absorption spectroscopy, respectively.
In the preliminary experiment, plants were grown in solutions of different K concentrations and harvested at different times during the day. The basic composition of the macronutrient solutions in this experiment was as follows: 10 meq/l Ca(NO3)2, 2 meq/l MgSO4, 1 meq/l NaH2PO4. K was added to the solutions at three different levels of K2SO4, ie. 0.2 meq/l, 1.0 meq/l, and 4.0 meq/l. The micronutrients were added to all three treatments as described previously (15 Figure I shows the cumulative weights of exudate plotted against the time of exudation for the three K treatments and three sampling periods. The time of day at which the plants were decapitated exerted a dramatic influence on the amount of sap exuded. At all three K levels, detopping in the middle of the light period gave rise to a 2-to 3-fold greater weight of exudate than decapitation at the end of the dark period. Decapitation at the onset of the dark period resulted in intermediate values. The rates ofexudation were also different for the three light treatments.
For plants harvested in the middle of the light period the rate of exudation was very high at the beginning but decreased with time. A distinct increase in rate of exudation toward the end of the sampling period was observed in plants decapitated at the end of the dark period. For plants detopped at the beginning of the dark period the rate of exudation over the sampling period appeared to be fairly constant. The same pattern of behavior was observed at all three K levels.
The effects of the different levels of K on the exudate weights and rates of exudation were less marked. When sampling from the end of the dark period, the total weight of exudate was somewhat depressed at the lower level of K nutrition.
The K and Ca concentrations in the exudate are shown in relation to time after decapitation for the three K treatments (Table I) (10, 23) . This period was also suitable for sap sampling because of the relative constancy of the K concentration over this time period (Table I) . Table II shows the total amounts of K and Ca in the exuded sap over the 4-h period. This represents the product of the values of Figure 1 and determined by the light treatment. The effects resulting from K supply were less marked.
From this preliminary experiment two important conclusions were reached concerning the K recirculation calculation: (a) in order to obtain a representative xylem sap, samples should be taken between 15 and 60 min after decapitation; (b) the very clear diurnal effect on the K/Ca ratio in the sap must be taken into account in the recirculation calculation.
Second Experiment: Uptake Rates of K and Ca. Figures 2 and  3 show the natural logarithms of the K and Ca contents, respectively, of tomato plant tops plotted against time for the second experiment. In both cases a very good linear plot was obtained from the 52 samples of plant tops analyzed. The regressions of ln of K and Ca contents on time were both highly significant (r = 0.99, P < 0.001). Table III increasing plant size. There was little difference between the comparative rates of accumulation of K and Ca. This probably reflects the much higher concentration of Ca than K in the nutrient medium. K/Ca Ratio in Xylem Sap. The K and Ca concentrations and the K/Ca ratio of the xylem exudate are shown in Table IV . The samples were obtained from tomato plants decapitated at different times throughout the 24-h period of the 10th day of growth, as already described. At all sampling times during both the light and dark periods, the K concentration was always found to be in excess of the Ca concentration. This resulted in a K/Ca ratio invariably greater than unity. Although the K and Ca concentrations of the exudates did not change appreciably during the 24-h period, the K/Ca ratio varied considerably (1.42-1.10) because of the cumulative effects resulting from differences in K and Ca concentrations.
To obtain a representative K/Ca exudate ratio the K and Ca concentrations were integrated over the whole 24- 
This now allows the recirculated K value (R(K)) to be estimated from equation 7: 63, 1979 of the sap and depress its water potential thus inducing water influx. The results of the preliminary experiment shown in Figure  I are consistent with this view. The highest weights of exudate were collected in the light period when energy was available from the tops to stimulate metabolic ion uptake. The lower rate of exudation in the dark can be accounted for by a lack of energy available to promote ion uptake. The rate of exudation, however, appears to be dependent not only on the energy availability in the roots. This is apparent from the observed increase in the rate of exudation after decapitation of plants harvested at the end of the dark period (Fig. 1) . This effect is independent of the tomato plant tops and indicates a possible diurnal effect which may possibly be controlled by changes in root permeability. Evidence of a diurnal effect of root resistance to water flow has been observed by other authors (1, 19) who found a minimum during the day and a maximum at night. Our observations are in agreement with these findings.
The three different levels of K supply had little effect on the accumulated exudate weights (Fig. 1) . This may be considered as surprising. However, it must be remembered that the roots were exposed to large volumes of solution which were changed daily so that the K levels in the nutrient solution were largely maintained. These findings are in agreement with reports which indicate that optimum plant growth can occur at very low levels of K around the roots, provided that the concentrations are maintained (17) . Our results differ from experiments which have compared exudation from K-deficient and K-nondeficient plants where large differences in exudate amounts have been observed (18) . A slight effect of the low K level (0.2 meq/l) in depressing exudation was observed only in plants harvested at the end of the dark period where a lack of energy probably limited K uptake.
The dependence of K concentration and uptake on available metabolic energy is demonstrated clearly in Tables I and II . In all treatments a rapid and dramatic fall in the concentration of K occurred after decapitation (Table I ). This implies that even after a very shori time, the presence of metabolites from the tops became the limiting factor in K uptake.
In direct contrast, the results for Ca show a remarkable constancy in concentration over the 4-h sampling period in all treatments (Table I) . This confirms the fact that the uptake of Ca is much less dependent on metabolic energy. The somewhat higher accumulation of Ca observed in the exudates of samples taken from plants harvested in the dark may possibly result from a K/Ca uptake antagonism. When K uptake is depressed, the uptake of other cations is known to be increased (16) . This higher accumulation of Ca also indicates a component of Ca uptake which is independent of water movement.
The results obtained in the second experiment demonstrate that the K/Ca ratio of the xylem sap was always greater than the K/Ca accumulation ratio in comparative plant tops. This observation is indicative of K recirculation in the plant as proposed by Ben Zioni et aL (2) and Dijkshoorn (7).
Our results indicate that in tomato plants about 20o of the upward flux of K in the xylem stream originates from K translocated from the tops via the roots. This means that most K taken up from the nutrient medium by the roots remains in the tops. This is in agreement with our earlier observations for tomato plants (14) and is also supported by the work of Breteler and Hanish ten Cate (4).
In a previous publication the extent of K recirculation was calculated from excess anion over cation data by whole plants. A maximum possible figure for K recirculation was obtained (13) .
This was based on the proposition that all of the HCO3 excreted from the plant roots (excess anion uptake) was derived from organic acid anions accompanying K on its downward movement in the phloem. These data for tomato plants are in the same order as those found using this procedure. It may therefore be concluded that in tomato plants adequately supplied with K, the extent of K recirculation is low. This means too that in this species, K recirculation does not play a major role as a mechanism of controlling the uptake and upward movement of NO3 as proposed by Ben Zioni et al. (2) .
There is some evidence that K recirculation may be of greater significance in other plant species. In the grasses and cereals, for example, the total uptake of anions is approximately twice that of cations (6, 8) . This implies a very high O -efflux from the roots which could suggest an important role for K recirculation in these plants. The extent to which this OH-efflux is derived either from organic acid anions associated with recirculated K, or as a direct consequence of N03 reduction in the roots has yet to be established. Clearly, if N03-is reduced in the roots a NO3J/OHexchange could occur without involving K translocation in the plant.
